Main findings {#sec0}
=============

As far as 6 -- 8 km downwind, the iron smelter is the prominent source of PM. A significant impact of RH on PM mass concentration was observed at a threshold of RH \> 80 %. Considering their low cost and the performances assessed in this study, a justifiable conclusion is that low-cost optical particle counter (OPC-N2) has significant potential for implementing a dense network for air quality monitoring, especially in developing economies. Meteorological variables account more for PM~2.5~ concentration than PM~10~ concentrations.

1. Introduction {#sec1}
===============

Particulate matter (PM) exists as discrete particles such as liquid droplet or solids over a wide range of sizes ([@bib28]). PM can be emitted directly into the atmosphere (primary particles) or they can be formed in the atmosphere (secondary particles) via physico-chemical transformations of the primary particles emitted from various anthropogenic and natural sources ([@bib28]; [@bib30]). In urban settings, especially in developing nations such as Nigeria, major sources of PM are combustion of fossil fuels (traffic and heavy-duty power generating sets), household cooking, biomass and refuse burning, industrial activities, smelting and other energy generation processes ([@bib23]). Long-term exposure to high concentrations of PM~2.5~ has been associated with severe health impacts including stroke, ischemic heart disease, chronic obstructive pulmonary disease, lung cancer and acute lower respiratory infection ([@bib19]). PM are grouped into various fractions depending on their aerodynamic diameter (*D*~*ae*~), which is a unit density sphere with identical characteristics ([@bib29]). The two fractions of PM that has been extensively studies are PM~2.5~ (fine - *D*~*ae*~ ≤ 2.5 μm) and PM~10~ (coarse - *D*~*ae*~ ≤ 10μm) ([@bib12]). Windborne dust, sea spray, volcanic eruptions, terrestrial dust, soil re-suspension, and biological particles are major natural sources of PM while anthropogenic sources include fossil fuel power plants, biomass burning, construction, quarrying and mining ([@bib13]; [@bib28]). Fine fractions of PM are produced mainly from combustion processes, chemical reactions among reactive gaseous pollutants and coagulation of smaller particle sizes ([@bib4]).

Ambient concentration of PM varies greatly; apart from source strength, it is majorly influenced by weather patterns and meteorological conditions ([@bib22]). Processes such as transportation, chemical transformation and removal mechanism of aerosol from the atmosphere are also influenced by meteorological conditions ([@bib21]). In the lower atmosphere, especially the atmospheric boundary layer, chemical composition, concentration, residence time and removal rate of atmospheric PM are greatly influence by prevailing meteorological conditions ([@bib30]). Globally, several studies (for example, [@bib15]; [@bib22]; [@bib32]) have been carried out to study and assess the relationship between PM concentration and meteorological variable such as wind speed, wind direction, relative humidity, air temperature, rain fall e.t.c. The study by [@bib33] focused on the relationship between the concentration of air pollutants and meteorological variables using linear and non-linear regression models. Several studies have reported the existence of varying degrees of correlations between air pollutants concentration and meteorological variables. Many of these studies, for example, [@bib5]; [@bib6]; [@bib9]; [@bib11]; [@bib14], have identified meteorology as a major determinant of ambient PM concentrations since dispersion processes, removal mechanisms and chemical formation of atmospheric particles depend on parameters such as wind speed, rainfall rate, and solar radiation. The advection and dispersion of PM from anthropogenic sources could be enhanced by prevailing meteorology ([@bib10]; [@bib20]).

One of the loss mechanisms of PM within the boundary layer is dry deposition through gravitational sedimentation. For coarse mode particle, from diameter \>2.5 μm, the atmospheric residence time is shorter because they have larger sedimentation velocities and as such settle out of the atmosphere faster. The removal mechanism responsible for the sedimentation of the coarse mode fraction in the atmosphere is inefficient in the accumulation mode. As such, particles in the accumulation mode tends to have longer residence time ([@bib28]). [@bib22], using a high volume Gent sampler, measured PM mass concentration and established good correlations between PM concentrations and meteorological parameters at a site in Ile-Ife, Nigeria. Results from just one location might not give a good representation of the variation of PM concentration with meteorological variables over an entire study area.

The objectives of the present study are: (i) measure and assess ambient concentrations of PM and basic meteorological parameters using a network of portable stand-alone air quality sensor units, and (ii) compile baseline air quality data in six locations downwind of an iron smelting complex in Ile-Ife, Nigeria. However, one limitation of this present work is the use of only linear equations to establish the relationship between meteorological parameters and PM concentrations.

2. Material and methods {#sec2}
=======================

2.1. Site description {#sec2.1}
---------------------

Ile-Ife, a university town in Southwest Nigeria, has a population of about 502,000 and is characterized by rapid population growth and urban development ([@bib2]). In the recent times, the town has grown from a small center along a number of radial exit roads to a relatively large town. A major road passes through the town and several other paved and unpaved link roads to ease the mobility within the town. On the major road, estimated average vehicular count on weekdays is about 25,000 comprising heavy duty trucks, cars, buses and motorcycles ([@bib23]).

For this study, six sampling sites were selected in residential communities downwind of an iron smelting facility. These sites include three (3) on the premises of the Obafemi Awolowo University (OAU) campus. The sampling locations were situated at least 2.0 km from one another and at least 0.5 km from the main road. A detailed description (location and nature) of the study sites is highlighted in [Table 1](#tbl1){ref-type="table"}. The sites were carefully chosen and evenly distributed to cover residential communities downwind of an iron smelting industry based on the prevailing southwesterly wind. The choice of each location was also based on open space that permits free circulation of air and far from any obstruction that could hinder free flow of air. [Figure 1](#fig1){ref-type="fig"} shows the Google Earth map of the study locations. The climate of the study area is mainly tropical with two distinct seasonal patterns (dry and wet seasons). The dry season runs between November and March while the wet season is from April to October with generally lower temperature and high relative humidity ([@bib16]).Table 1Description of the sampling sites.Table 1SiteCo-ordinatesSite DescriptionFasina (ISSF)7.30° N, 4.28° EClose to the main road and opposite iron smelting industryModomo7.29° N, 4.29° EResidential area close to the main road and downwind of iron smelterEleweran7.30° N, 4.29° EResidential area further away from iron smelter and main roadFire Service Station7.30° N, 4.31° EOAU campus area directly opposite the main road on the university campusStaff Quarters7.31° N, 4.31° EOAU Staff residential area with few anthropogenic PM sourcesTeaching and Research\
Farm (OAUTRF)7.33° N, 4.33° EArea dedicated to agricultural activities including planting and rearing of animalsFigure 1Google Earth map showing the study locations in Ile-Ife. The Yellow arrow indicates the prevailing wind direction.Figure 1

2.2. Sensors deployment and sampling procedures {#sec2.2}
-----------------------------------------------

The mass concentrations of particulate matter were monitored at five (5) sampling locations using a network of low-cost air quality (AQ) sensors while a high volume Gent sampler was deployed at the sixth location. The sensor nodes used in this study are bespoke low-cost portable air quality devices developed at the Department of Chemistry, University of Cambridge, UK, as part of NERC (Natural Environmental Research Council) funded Sensor Network for Air Quality (SNAQ) project. Details of the fundamental principles and operational procedures of the sensors and in-built atmospheric variables sensors have been reported by [@bib27] and [@bib26]. The fundamental principle of the high volume Gent sampler which utilizes a gravimetric method has been discussed in details by [@bib22]. The five (5) units of SNAQ boxes were collocated for two weeks (see [Figure 2](#fig2){ref-type="fig"}(a)) before deployment to the selected study sites. [Figure 2](#fig2){ref-type="fig"}(b) shows the SNAQ unit and Gent sampler deployed downwind of the iron smelting facility.Figure 2Field deployment of SNAQ units (a) Collocation of the SNAQ units at OAUTRF (b) SNAQ unit and Gent sampler with the iron smelter in the background.Figure 2

At each site, the SNAQ unit was mounted at about 3 m above the ground on a 4 m pole and powered with a rechargeable battery. The units were operated simultaneously over a period of 21 days (June 25 -- July 15, 2018) at all the locations. The measurements were carried out for 24 h over the entire days of sampling except for the few minutes when the batteries were changed every fortnight. Each unit has an optical particle counter (Alphasense OPC-N2) for monitoring PM number concentration (in size range of 0.38--17.4 μm), these are converted to mass concentration corresponding to the PM metrics PM~2.5~ and PM~10~. Other measurements made (not presented in this study) include gaseous species; carbon monoxide (CO), ozone (O~3~), nitric oxide (NO), nitrogen dioxide (NO~2~) and carbon dioxide (CO~2~). Each unit also has inbuilt temperature, relative humidity (RH) sensors as well as a 2D sonic anemometer to measure wind speed and direction. A stacked filter unit Gent high volume sampler was deployed to the ISSF site with the intention to compare the data from the OPC in the sensor unit with that from the Gent sampler. Unfortunately, PM mass concentrations from the Gent sampler had to be used for this site as the OPC became faulty within few hours of deployment. The SNAQ sensor unit records PM concentration and meteorological data every second and then records 20 s averages of the parameters. For continuous measurement, the data were retrieved from the universal serial board stick every fortnight and then undergo further processing with suitable computer packages and software. The PM mass concentrations and meteorological data were averaged to daily resolutions and further statistical analyses were then carried out.

2.3. Optical particle counter (OPC-N2) {#sec2.3}
--------------------------------------

The OPC used in this study is manufactured by Alphasense, UK. It is a miniaturized unit measuring 75 mm × 60 mm x 65 mm and weighing about 105 g. This instrument is cheap and portable compared to other high cost reference instrument. The OPC-N2 has a minimum time resolution and capable of sampling particle number concentration over a size range of 0.38--17 μm across 16 size bins and maximum particle count of $10000\ s^{- 1}$ through a small fan aspirator. The particle number concentration measured is converted using on-board factory calibration to particle mass concentrations metric for PM~2.5~ and PM~10~.

2.4. Ambient relative humidity correction for PM concentration {#sec2.4}
--------------------------------------------------------------

A Gent high-volume sampler was collocated with an OPC-N2 at the ISSF site to monitor PM mass concentrations. The calibration of the OPC was not performed in comparison with the gravimetric high-volume sampler because the OPC became faulty just hours after deployment. As such, the results from this study should be considered indicative. However, the OPC-N2 is known to demonstrate positive artifact in measured particle mass during the periods of high ambient relative humidity (\>85 %) which make the raw sensor signals to give an overestimation (several times) of the true PM concentration value. The calibration for particle matter was carried for other study sites using the calibration factor developed based on k-Kohler theory which uses the average bulk particle hygroscopicity ([@bib7]). The relative humidity effect correction on PM measurement was performed using a correction factor expressed by [@bib7] as;$$C = 1 + \frac{\frac{k}{1.65}}{- 1 + \frac{1}{a_{w}}}$$$$PM\ \left( {Corrected} \right) = \frac{PM\left( Raw \right)}{C}$$where $a_{w} = \frac{RH}{100}$ is the water activity, $k$ is a statistical parameter in the range of 0.38--0.41.

2.5. Exponential curves {#sec2.5}
-----------------------

The exponential curves generated between PM concentrations and meteorological parameter in this study arises as a result of the non-linear relationships which exist between the fit of PM concentrations and meteorological parameters. The non-linearity could be attributed to the demonstration of significant positive artifact in measured particles mass by the OPC during periods of high relative humidity which is due to strong rate of hygroscopic mass growth.

The relationship between the PM concentrations and meteorological parameter is approximated using an exponential function to form the exponential fit equation which is given by;$$y = Aexp^{(\frac{x}{t})} + y_{0}$$where $y$ is the PM concentration, $A$ is a constant, $y_{0}$ is the intercept, $\left( \frac{1}{t} \right)$ is the decay rate parameter and $x$ is the meteorological variable such as temperature, relative humidity and wind speed involved in the fit.

2.6. Multiple linear regression (MLR) {#sec2.6}
-------------------------------------

Multiple linear regression (MLR) is one of the most important statistical methods used to model the linear relationship between a dependent variable and one or more independent variables. PM concentrations serve as the dependent variable (or predictand) while meteorological parameters serve as the independent variables (or predictors). The equation for the MLR model is given in [Eq. (4)](#fd4){ref-type="disp-formula"}:$$y = a_{0} + a_{1}x_{1} + a_{2}x_{2} + a_{3}x_{3}$$where y is the PM concentration predicted, x~1~, x~2~ and x~3~ are meteorological variables known as descriptors or predictors (temperature, relative humidity and wind speed, respectively).

$a_{0}$ is the model constant or intercept and $a_{1}$, $a_{2}$and $a_{3}$ are regression coefficients for the meteorological parameters. The regression coefficients represent the independent contributions of each independent variable to the prediction of the dependent variable.

In this study, two statistical indicators - coefficient of determination (R^2^) and root mean square error (RMSE) - were employed in the validation of the MLR model.

The coefficient of determination (R^2^) account for the total variability proportion in dependent variable (y) that is explained by the regression equation as given by [@bib3] in [Eq. (5)](#fd5){ref-type="disp-formula"}:$$R^{2} = \frac{\sum\left( {y_{pred,i} - \overline{y}} \right)^{2}}{\sum\left( {y_{obs,i} - \overline{y}} \right)^{2}}$$where $\overline{y}$ is the mean value of y, $y_{pred,i}$ is the value of y predicted by the multiple linear regression (MLR) line and $y_{obs,i}$ is the actual measured value of y.

The quality of the fit can be determined using the RMSE which is the standard deviation of the regression line as expressed in [Eq. (6)](#fd6){ref-type="disp-formula"}:$$RMSE = \left\lbrack {\frac{1}{N}\sum\left( y_{pred,i} - y_{obs,i} \right)^{2}} \right\rbrack^{\frac{1}{2}}$$where N is the number of observations.

When the coefficient of determination (R^2^) is low, larger RMSE value would be obtained for any regression equations implying poor associated predictions of the dependent variable. If the coefficient of determination (R^2^) is high, low RMSE value is expected which indicates that the predictions of the dependent variable (PM) is in close agreement with the measured PM concentrations.

Automatic selection of variables was adopted in the analysis and this was carried out by checking all the model variables with meteorological parameters. Firstly, by looking at the regression linear models of PM~2.5~ and PM~10~ with individual meteorological parameter and then multiple linear regression analysis involving two and later three meteorological parameters as predictor variables for the prediction of PM concentration. This is done to obtain the most accurate and best fitted regression equation for the predictive PM concentration. Although the raw data was obtained at 20 s interval, it was subsequently converted to 30 min average for both dependent and independent variables. This was used as a training data to develop the MLR equations and their predictive performance was assessed using 30 min average dataset which serves as validation data spanning June 25 to July 15, 2018.

3. Results and discussion {#sec3}
=========================

3.1. Mass concentrations of the particulate matter {#sec3.1}
--------------------------------------------------

[Figure 3](#fig3){ref-type="fig"}a, b show the daily mean concentrations of PM~2.5~ and PM~10~, respectively. The daily average concentrations of PM~2.5~ and PM~10~ are 213.3, 44.1, 23.8, 27.7, 20.2 and 41.5 μg/m^3^ and 439.9, 107.1, 55.0, 72.4, 45.5 and 112.0 μg/m^3^ at ISSF, Modomo, Eleweran, Fire Service, staff quarters and OAUTRF, respectively. At ISSF, the range of daily mean concentrations of PM~2.5~ and PM~10~ are 112.7--530.8 μg/m^3^ and 156.4--844.6 μg/m^3^, respectively (see [Table 2](#tbl2){ref-type="table"}). These high concentrations of PM at the ISSF sampling site are attributable to its proximity to the Iron and steel smelting factory.Figure 3Daily mean concentration of (a) PM~2.5~ and (b) PM~10~ for the months of June and July, 2018~.~Figure 3Table 2Statistics of PM mass concentration, air temperature, relative humidity and wind speed results.Table 2LocationsPM~2.5~ ($\mathbf{\mu}\mathbf{g}\mathbf{m}^{- 3}$)PM~10~ ($\mathbf{\mu}\mathbf{g}\mathbf{m}^{- 3}$)Air Temperature (°C)Relative Humidity (%)Wind Speed (m/s)RangeMeanRangeMeanRangeMeanRangeMeanRangeMeanISSF112.7--530.8213.3156.4--844.6439.919.5--36.026.014.1--96.679.80.2--4.41.40Modomo18.1--110.544.141.8--451.8107.121.1--35.525.638.5--90.574.90.1--3.00.93Eleweran10.5--77.723.825.5--134.355.022.4--35.625.840.4--93.779.00.1--2.30.87Fire Service14.5--67.427.739.5--175.872.419.3--36.024.333.6--96.779.00.1--2.81.03Staff Quarters10.2--39.220.223.0--96.645.518.4--35.123.531.2--95.274.40.1--2.40.66OAUTRF21.2--121.141.555.9--344.6112.019.3--35.624.841.6--94.377.10.1--2.90.77

US EPA\'s National Ambient Air Quality Standard (NAAQS) and United States Air Quality Standard (US AQS) threshold limits of 35 and 150 μg/m^3^ for PM~2.5~ and PM~10~ for daily averages were exceeded at ISSF, Modomo and OAUTRF. The high PM concentration observed at Modomo was noticed in the polar plot in [Figure 3](#fig3){ref-type="fig"}. These are related to emissions from the iron and steel factory where high temperature processing of scrap metals is carried out with electric arc furnaces (EAF) ([@bib24]). The data for June 25 and 26 at Eleweran site were not included in the analysis due to the malfunctioning of the units on these days. Except on some few days, PM concentrations at Eleweran were below the NAAQS threshold limit for daily average concentration. The lower concentration of PM~2.5~ at Eleweran could be attributed to the fact that the area is a developing remote residential area with few anthropogenic activities. The daily mean mass concentrations of PM at OAUTRF were higher than the ones observed in the staff quarters. Apart from traffic activities on the paved road and small-scale refuse burning in the staff quarters, there are no major anthropogenic activities that could contribute to the PM concentration in the staff quarters. However, tractors, plough and other farm implement occasional work on the University research farm close to the OAUTRF sampling site.

3.2. Temporal variation of particulate matter concentration and meteorological variables {#sec3.2}
----------------------------------------------------------------------------------------

Mean values of meteorological variables for the six (6) sampling sites are presented in [Table 2](#tbl2){ref-type="table"}. The range of daytime mean values of wind speed, relative humidity and air temperature are 0.7--1.1 m/s, 67--78 % and 24--27 °C, respectively, while nighttime mean values range from 0.5-0.9 m/s, 79--84 % and 22--25 °C, respectively. It was observed that air temperature increases with an increase in wind speed during the daytime resulting in lower relative humidity and PM mass concentrations. Increase in wind speed promotes the dispersion while moderate or high temperature results in atmospheric instability and high mobility of particle in the atmosphere, leading to reduction in particulate matter concentrations ([@bib1]). The increase in atmospheric instability resulting from high temperature could leads to a higher boundary layer ([@bib25]). During nighttime, high relative humidity was observed while air temperature was lower in values with higher PM concentrations. This might be due to the shallow nocturnal boundary layer with characteristic stable atmospheric condition which impedes the dispersion of particles, hence leading to a build-up of PM concentration.

The strong relationship observed with greater PM concentrations for RH \> 80 % for both day and nighttime periods could be attributed to hygroscopic particle growth which occurred when the deliquescence relative humidity is exceeded. Similar relationships between RH and PM concentrations have been established in a number of studies, for example, [@bib7] and [@bib8]. The evaluation of low-cost OPC carried out in a background site in the UK by [@bib7] established that a threshold of RH \> 85% is needed for a significant impact on PM concentration to be observed.

The statistics of the concentrations of PM and meteorological variables at the six sampling sites are presented in [Table 2](#tbl2){ref-type="table"}. A negative exponential distribution curves (decay curve) were obtained for the relationship between PM concentrations and meteorological variables at the sampling sites. The coefficient of determination (R^2^) values ranged from 0.03-0.19 and 0.03--0.17 for day and nighttime, respectively. The nighttime and daytime decay curves are shown in Figure S1(a - l) in the supplementary material. The lower R^2^ values between PM concentration and wind speed indicates the dominance of local sources ([@bib30]). The decay curves illustrate inverse variation between PM concentration and wind speed. Strong winds enhances the dispersion of PM and low winds allow pollution levels to rise in the atmosphere ([@bib17]; [@bib22]). In their study, [@bib31] found that ambient PM concentrations are inversely proportional to wind speed. Similar to the relationship between PM concentration and wind speed, a negative exponential decay curve was observed between PM and temperature in all the sampling sites. The ranges of R^2^ values for daytime and nighttime were 0.01--0.27 and 0.09--0.38. The difference in R^2^ values could be attributed to impact of diurnal temperature variation of the PM concentration.

A more dynamically unstable boundary layer (compared to nighttime) is often characteristic of daytime which favours effective dispersion of atmospheric pollutants; hence, lowering ambient PM concentrations. In contrast, calm condition and lower temperature limit the free mixing of PM during night time, resulting in high PM concentration ([@bib18]). At low temperatures, an elevated PM level occurred indicating the reduced vertical and horizontal mixing due to the stable atmospheric conditions which limits the dispersion of air pollutants. An exponential relationship is observed between PM and relative humidity with R^2^ value ranges of 0.02--0.49 and 0.09--0.40 for daytime and nighttime periods, respectively. The small variation in R^2^ values might be as a result of the scavenging effect of the PM concentration. A summary of R^2^ values for the relationship between PM concentrations and meteorological variables during daytime and nighttime at five (5) sampling sites are presented in [Table 3](#tbl3){ref-type="table"}. During nighttime, dispersion of air pollutants might be prevented, resulting in the suspension of PM near the vicinity of the observation site while during the daytime, relatively low humidity values promotes dilution of PM, leading to lower concentrations ([@bib30]). The low coefficient of determinations observed for different exponential fits in Figures S1(a - l) is an indication that there was a weak relationship between the PM concentrations and meteorological variables at the sampling sites.Table 3Summary of the daytime and nighttime relationship between particulate matter (PM~2.5~ and PM~10~) and meteorological variables.Table 3LocationsParticulate MatterWind Speed (R^2^)Temperature (R^2^)Relative Humidity (R^2^)DaytimeNighttimeDaytimeNighttimeDaytimeNighttimeModomoPM~2.5~0.070.170.270.380.490.40PM~10~0.090.070.250.240.370.18EleweranPM~2.5~0.060.080.070.090.150.24PM~10~0.040.060.070.160.130.16Fire ServicePM~2.5~0.090.110.060.310.090.39PM~10~0.030.030.010.150.020.12Staff QuartersPM~2.5~0.150.170.130.110.210.28PM~10~0.080.060.120.090.160.11OAUTRFPM~2.5~0.180.160.170.110.290.23PM~10~0.190.040.250.230.360.09

3.3. Multiple linear regression analysis {#sec3.3}
----------------------------------------

Tables [4](#tbl4){ref-type="table"}, [5](#tbl5){ref-type="table"}, and [6](#tbl6){ref-type="table"} present the regression equations, coefficients of determination (R^2^), root mean square error (RMSE) using automatic selection of variables method for the prediction of PM~2.5~ and PM~10~ in five sampling locations. [Table 4](#tbl4){ref-type="table"} shows that the coefficient of determination (R^2^) of the statistical model of PM~2.5~ using one meteorological variable range from 0.07 - 0.20, 0.10--0.21 and 0.07--0.17 for temperature, RH and wind speed, respectively. The coefficient of determination (R^2^) obtained from the model of PM~10~ using one meteorological variable range from 0.02 - 0.09, 0.02--0.10 and 0.03--0.07 for temperature, RH and wind speed, respectively. A mix of weak and moderate correlations between PM concentrations and meteorological variables can be observed from [Table 4](#tbl4){ref-type="table"}.Table 4Linear Regression (LR) relationship for one meteorological variable predictor.Table 4LocationMultiple Regression EquationsR^2^RMSE (μg/m^3^)Measured Value (μg/m^3^)Predicted Value (μg/m^3^)ModomoTPM~2.5~ = 284.47--9.37T0.2059.5644.1044.17PM~10~ = 720.21--23.89T0.07267.62107.10107.58RHPM~2.5~ = 2.21--120.65RH0.2159.0544.1043.89PM~10~ = 5.42RH-296.320.07267.75107.10106.27wsPM~2.5~ = 85.62--43.35ws0.1162.5444.1044.55PM~10~ = 220.79--118.60ws0.05271.11107.10109.25EleweranTPM~2.5~ = 93.82--2.72T0.0730.8523.7923.85PM~10~ = 231.31--6.86T0.0779.7354.9755.13RHPM~2.5~ = 0.71RH-31.890.1030.3723.7923.70PM~10~ = 1.62RH-71.010.0879.3254.9754.74wsPM~2.5~ = 41.12--20.31ws0.0730.8823.7924.02PM~10~ = 95.05--46.97ws0.0580.2254.9755.57Fire ServiceTPM~2.5~ = 110.74--3.44T0.1132.1727.6527.73PM~10~ = 199.79--5.27T0.02111.3472.4272.66RHPM~2.5~ = 0.76RH-32.300.1231.9527.6527.56PM~10~ = 1.11RH +15.620.02111.3172.4272.07wsPM~2.5~ = 50.32--21.73ws0.0932.3727.6527.89PM~10~ = 111.17--37.17ws0.03111.1972.4273.21Staff QuartersTPM~2.5~ = 76.23--2.40T0.1420.5320.2420.29PM~10~ = 169.50--5.30T0.0959.4945.4845.62RHPM~2.5~ = 0.60RH-24.790.1820.0820.2420.18PM~10~ = 1.27RH-49.360.1059.0845.4845.28wsPM~2.5~ = 40.37--30.94ws0.1620.2120.2420.38PM~10~ = 83.59--58.57ws0.0759.8645.4845.89OAUTRFTPM~2.5~ = 182.5--5.71T0.1643.5241.5441.64PM~10~ = 539.14--17.29T0.06229.62112.02112.52RHPM~2.5~ = 1.52RH-76.480.2142.4341.5441.42PM~10~ = 4.14RH-208.650.06229.56112.02111.35wsPM~2.5~ = 82.14--55.00ws0.1743.3241.5441.86PM~10~ = 220.83--147.40ws0.05230.96112.02113.73Table 5Multiple Linear Regression (MLR) relationship for two meteorological variables predictor.Table 5LocationMultiple Regression EquationsR^2^RMSE (μg/m^3^)Measured Value (μg/m^3^)Predicted Value (μg/m^3^)ModomoT, RHPM~2.5~ = 7.07T + 3.80RH-420.640.2158.9644.1044.56PM~10~ = 448.18--17.55T + 1.47RH0.07267.74107.10124.17T, wsPM~2.5~ = 261.47--7.76T-18.97ws0.2159.0044.1038.26PM~10~ = 648.25--18.87T-59.34ws0.08266.48107.1080.89RH, wsPM~2.5~ = 1.90RH-14.99ws-82.870.2258.7344.1036.85PM~10~ = 4.27RH-54.83ws-158.120.08266.87107.1074.34EleweranT, RHPM~2.5~ = 14.79T + 3.87RH-661.730.1629.2923.7924.07PM~10~ = 11.46T + 4.05RH-558.960.0879.1254.9755.74T, wsPM~2.5~ = 80.70--1.79T-12.92ws0.0930.5523.7919.52PM~10~ = 204.33--4.93T-26.58ws0.0879.2554.9745.60RH, wsPM~2.5~ = 0.55RH-9.61ws-11.440.1130.2223.7920.18PM~10~ = 1.22RH-23.23ws-21.570.0878.9854.9743.81Fire ServiceT, RHPM~2.5~ = 4.33T + 1.64RH-207.260.1231.8727.6527.93PM~10~ = 0.67T + 0.97RH-11.570.03111.3672.4278.74T, wsPM~2.5~ = 98.00--2.36T-12.87ws0.1331.7827.6523.83PM~10~ = 174.68--3.14T-25.36ws0.03110.9472.4259.06RH, wsPM~2.5~ = 0.55RH-11.50ws-3.830.1431.6427.6523.00PM~10~ = 0.66RH-24.82ws+45.810.03110.9472.42114.82Staff QuartersT, RHPM~2.5~ = 10.25T + 2.85RH-432.640.2419.2620.2420.38PM~10~ = 11.66T + 3.83RH-512.970.1158.7545.4845.91T, wsPM~2.5~ = 66.39--1.36T-21.96ws0.2019.8420.2417.83PM~10~ = 155.16--3.70T-34.24ws0.1058.9545.4838.31RH, wsPM~2.5~ = 0.40RH-18.82ws+2.580.2219.5820.2427.23PM~10~ = 0.95RH-29.89ws+5.890.1158.6845.4836.60OAUTRFT, RHPM~2.5~ = 14.63T + 4.94RH-703.040.2541.3341.5441.95PM~10~ = -6.85T + 2.54RH-184.690.06229.63112.02135.28T, wsPM~2.5~ = 157.77--3.61T-36.65ws0.2242.1241.5436.88PM~10~ = 482.42--12.48T-83.94ws0.07228.34112.0286.76RH, wsPM~2.5~ = 1.09RH-31.41ws-19.530.2441.3941.5436.00PM~10~ = 2.99RH-82.44ws-59.140.07228.35112.0281.41Table 6Multiple Linear Regression (MLR) relationship for three meteorological variables predictor.Table 6LocationMultiple Regression EquationsR^2^RMSE (μg/m^3^)Measured Value (μg/m^3^)Predicted Value (μg/m^3^)ModomoPM~2.5~PM~2.5~ = 4.05T + 2.84RH -- 13.68ws -- 258.150.2258.7344.1038.88PM~10~PM~10~ = 1222.67--31.93T -3.14RH -- 65.19ws0.08266.54107.1090.28EleweranPM~2.5~PM~2.5~ = 14.67T + 3.70RH -- 9.08ws -- 637.110.1829.1523.7921.55PM~10~PM~10~ = 11.15T + 3.61RH -- 22.83ws -- 497.080.0978.7854.9748.92Fire ServicePM~2.5~PM~2.5~ = 3.87T + 1.35RH -- 11.16ws -- 161.010.1431.5827.6524.99PM~10~PM~10~ = -1.70T + 0.31RH -- 24.97ws + 115.020.03110.9972.42102.83Staff QuartersPM~2.5~PM~2.5~ = 9.87T + 2.58RH -- 17.63ws -391.570.2818.8020.2418.59PM~10~PM~10~ = 11.03T + 3.38RH -- 28.56ws -- 446.440.1258.3845.4840.34OAUTRFPM~2.5~PM~2.5~ = 14.74T + 4.53RH -- 31.65ws -- 650.240.2940.2641.5438.68PM~10~PM~10~ = 1.46RH --6.57T-82.34ws -- 222.050.07228.43112.02134.16

Low coefficient of determination (R^2^) recorded in [Table 4](#tbl4){ref-type="table"} suggests that other variables contributing to the variability of PM should be considered simultaneously because the relationship between the PM and meteorological variables are not adequately understood. Therefore, multiple linear regression analysis involving two meteorological variables as predictor variables was carried out and the results are presented in [Table 5](#tbl5){ref-type="table"}. The results of the MLR showed that the coefficient of determination (R^2^) for PM~2.5~ prediction using temperature and RH, temperature and wind speed, and RH and wind speed ranged from 0.12-0.25, 0.09--0.22 and 0.11--0.24, respectively (see [Table 5](#tbl5){ref-type="table"}). There was significant improvement in the coefficient of determination (R^2^) recorded in [Table 5](#tbl5){ref-type="table"} when compared with result in [Table 4](#tbl4){ref-type="table"} where individual meteorological variable was used as predictor variable for PM~2.5~.

It can be concluded that the combination of other meteorological parameter with wind speed in the MLR equations is responsible for the improvement in the coefficient of determination (R^2^) ([Table 5](#tbl5){ref-type="table"}). As shown in [Table 5](#tbl5){ref-type="table"}, temperature and RH are both responsible for 21%, 16%, 12%, 24% and 25% in variation of PM~2.5~ at Modomo, Eleweran, Fire Service, Staff Quarters and OAUTRF, respectively. RMSE values for the estimated values are 58.96, 29.29, 31.87, 19.26 and 41.33 in order for the five locations. Temperature and wind speed both account for 21%, 9%, 13%, 20% and 22% in variation of PM~2.5~ and RMSE values for the estimations are 59.00, 30.55, 31.78, 19.84 and 42.12 at Modomo, Eleweran, Fire Service, Staff Quarters and OAUTRF, respectively. RH and wind speed both account for 22%, 11%, 14%, 22% and 24% variation in PM~2.5~ at Modomo, Eleweran, Fire Service, Staff Quarters and OAUTRF, respectively. The RMSE values for the estimations are 58.73, 30.22, 31.64, 19.58 and 41.39 in order for the five locations. The results showed that while RH and wind speed jointly contribute mostly to changes in PM~2.5~ at Modomo and Fire Service, temperature and RH are the greatest determinants of changes in PM~2.5~ at Eleweran, Staff Quarters and OAUTRF.

It was observed that the two independent variables (temperature and RH) in the MLR model had positive regression coefficients with negative intercept. This is an indication that the increase in PM concentration is associated with increase in any of the predictor variable. Also, the model equations when temperature and wind speed were used as predictor variable indicated negative regression coefficients for all the sampling locations. This is an indication that increases in both temperature and wind speed will spread away the PM pollutants and increase their buoyancy thus reducing predicted PM concentrations. The inclusion of two meteorological variables as predictor variables in the MLR model slightly improved the R^2^ value in [Table 5](#tbl5){ref-type="table"} but fail to explain the MLR model fully.

Three meteorological variables were considered as predictor variables to further test the workability of the MLR model at the sampling sites. The results of the MLR model with three meteorological variables as predictor are presented in [Table 6](#tbl6){ref-type="table"}. The MLR analysis modeled the relationship between PM mass concentrations (criterion variable) and RH, wind speed and air temperature (predictor variables) by fitting a linear equation to the observed data. The coefficient of determination (R^2^) values of PM~2.5~ and PM~10~ are 0.28 and 0.12 for OAURTF, and 0.29 and 0.07 for staff quarter, respectively. The R^2^ values of the other sites are also low but the RMSE values of PM~2.5~ and PM~10~ of the predicted value relative to observations are 29.15 and 18.80 μg/m^3^ for Eleweran and Staff quarter, respectively. The predicted means of PM~10~ mass concentration using MLR model were slightly greater than the observed PM~10~ mean values by 41.19 and 19.76 % at Fire service and OAUTRF, respectively. The model underestimated PM~10~ concentration measured at Modomo, Eleweran and Staff quarters by 15.70, 11.01 and 11.30%.

Temperature, RH and wind speed, as shown in [Table 6](#tbl6){ref-type="table"}, jointly account for 22%, 17%, 14%, 28% and 29 % of a variation in PM~2.5~ at Modomo, Eleweran, Fire Service, Staff Quarters and OAUTRF, respectively. RMSE values of 58.73, 29.15, 31.58, 18.8 and 40.26 are obtained for the sites in the order above. Also, temperature, RH and wind speed jointly account for 8%, 9%, 3%, 12% and 7 % of a variation in PM~10~ at Modomo, Eleweran, Fire Service, Staff Quarters and OAUTRF, respectively. This goes with RMSE of about 266.54, 78.78, 110.99, 58.38 and 228.43 for each location in the order above. The results showed that the fit was better for PM~2.5~ than for PM~10~ which is an indication that temperature, relative humidity and wind speed explain changes in PM~2.5~ better than PM~10~ concentrations.

3.4. Bivariate concentration polar plots {#sec3.4}
----------------------------------------

Figures [4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"} show the bivariate polar plots of PM~2.5~ and PM~10~ at the sampling sites. Bipolar plot shows the directional influence of wind on PM concentrations. In the plots, PM concentrations showed substantial variations accompanied with low wind speed (0--2 m/s) in all the wind sectors in the sampling sites. The moderate PM~2.5~ concentration observed at Modomo ([Figure 4](#fig4){ref-type="fig"}a) and Staff Quarters ([Figure 5](#fig5){ref-type="fig"}a) in the Northwesterly and Northeasterly directions (ws \> 0.5 m/s) shows a prevailing wind blowing across these sites transporting PM from the local sources, most especially the iron smelting factory and refuse burning activities located southeasterly and southwesterly of Modomo and Staff quarters sites, respectively. The occurrence of elevated PM~2.5~ mass concentrations in all directions suggest that there were other local sources of PM~2.5~ near the sampling sites apart from the iron smelting factory in the northeasterly direction. This local source of fine PM fraction could be the unpaved road network around the sampling sites. In Figures [4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}, bipolar plots for PM~10~ shows the directional dependence of high PM~10~ occurring at low wind speed along Northeasterly direction while slightly low concentrations of PM~2.5~ and PM~10~ concentrations were observed at wind speed \>1.5 m/s in the Northwesterly and Northeasterly directions at Modomo site. Higher PM~10~ mass concentrations at low wind speed were noticed at Eleweran in all directions. At Fire station sampling site and for wind speed \>1 m/s, PM~10~ mass concentration are very high in the North-western direction (see [Figure 4](#fig4){ref-type="fig"}f). At Staff quarters and OAUTRF sites, the bivariate polar plots in [Figure 5](#fig5){ref-type="fig"} indicate that the elevated PM~10~ mass concentrations occurred when wind speeds \>0.5 m/s along the Northeasterly directions at the Staff quarters site. Generally, the elevated PM~2.5~ and PM~10~ mass concentrations at low wind speeds (which indicates a stable atmospheric condition) suggest that pollution episode might likely occurred under this condition due to the inhibition of PM pollutants dispersion in the affected wind direction. At high wind speed, the elevated PM~2.5~ and PM~10~ mass concentrations pose no threat because as the particles are suspended, they are dispersed immediately due to the unstable nature of the atmosphere which enhances the dispersion of PM pollutants.Figure 4Bivariate polar plots of PM at Modomo, Eleweran and Fire service stations.Figure 4Figure 5Bivariate polar plots of PM at Staff Quarters and OAUTRF Stations.Figure 5

4. Conclusion {#sec4}
=============

This study presents mass concentrations of particulate matter and meteorological parameters (wind speed, wind direction, air temperature and relative humidity) measured simultaneously at six sampling locations in Ile-Ife using a network of low-cost air quality sensor units. The highest daily average values of PM~2.5~ and PM~10~ are 530.81 and 844.58 μg/m^3^, respectively and were observed at ISSF site while the lowest daily mean values of 0.39 and 1.25 μg/m^3^ were observed for PM~2.5~ and PM~10~, respectively at Eleweran. A negative exponential distribution curve was obtained for the relationship between PM and wind speed with coefficient of determination (R^2^) values ranging from 0.06 - 0.18 for PM~2.5~ and 0.03--0.19 for PM~10~ during daytime and nighttime periods in all the sampling sites. The relationship between PM and temperature gave a decay curve which show that high PM concentrations are associated with lower temperature while RH had an exponential growth curve with PM concentrations increasing with RH increase. A multivariate linear regression (MLR) equation was developed for the relationship between PM and meteorological variables. This study demonstrates the strength and potential of miniaturized novel low-cost air quality monitoring sensors in providing measurement-based evidence that could help address some of the air pollution challenges in developing economies, especially the serious dearth of 24-h continuous AQ data. This will not only assist policy makers and environmental agencies in monitoring the effectiveness of existing control measures but also facilitate the introduction of new interventions as and at when needed. However, further studies involving the use of other statistical models other than linear equations and utilizing more meteorological variables is recommended to improve the model matching.
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